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DNA fragments have been analyzed by matrix-assisted laser desorption ionization (MALDI) 
and electrospray mass spectrometry. In many cases, only the single-stranded oligonu- 
cleotides have been detected. Recently, spectra of intact double-stranded DNA have been 
obtained in both electrospray and massive cluster impact ionization. We show here the first 
MALDI spectra of intact double-stranded DNA (EcoR~ adaptor 12/16) that is clearly not due 
to nonspecific dimer formation. 6-Aza-2-thiothymine was used as the matrix in the presence 
of ammonium citrate. Via the same procedure but with other matrices commonly employed 
for oligonucleotide analysis, the intact DNA duplex was not detected. No sign of the 
homodimer of either of the single strands is observed. Although the spectrum also shows 
peaks attributable to each of the single strands, these are demonstrated to arise from the 
DNA solution and not the sample preparation or desorption process. (J Am Sot Mass Spectrom 
1995, 6, 972-975) 
W ith the surge of interest in the identification and analysis of DNA, the ability to study noncovalent interactions, such as exist be- 
tween the strands of double-stranded DNA, is of prime 
importance to biomedical researchers and structural 
biologists. Soft ionization techniques such as matrix 
assisted laser desorption ionization (MALDI) and elec- 
trospray have been used before for the analysis of 
noncovalently bound complexes, and are therefore rea- 
sonable choices for the examination of DNA duplexes. 
Although there have been a number of reports in the 
literature on the analysis of oligonucleotides and DNA 
strands by MALDI [l-20], the spectra shown of intact 
double-stranded DNA are subject to criticism. In the 
first place, the term “double-stranded” applied to DNA 
denotes true complementary pairing, not just dimers 
of monomeric species. Second, in the spectra of a 1:l 
mixture of two oligomers (A, 81, detection of multiple 
dimer peaks (AA, AB, BBJ clearly indicates nonspecific 
co-desorption of A and B. WC consider that many of 
the articles on this subject tend to obscure the point 
that this is not consistent with the ionization of a single 
AB species. 
In a series of articles, a group at Oak Ridge National 
Laboratories has reported the analysis of oligonu- 
cleotides [4-61 and then double-stranded DNA [12-l 51. 
Although the latter articles refer to the running of 
double-stranded DNA on MALDI, none of the spectra 
show DNA “flying” as the duplex. Bai et al. [16] also 
ran a duplex DNA, and although the implication was 
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that intact double-stranded DNA had been detected 
intact, it could be deduced that only monomer ions 
were involved. In a previous publication, we similarly 
observed that a 16-mer base pair oligomer ionized as 
two unpaired oligonucleotides [20]. However, because 
the melting temperature of this DNA strand was ap- 
proximately 14 “C (calculations were made by using 
the OLIGO version IV primer analysis software from 
National Biosciences, Inc. (Plymouth, MN)), melting 
temperatures are quoted relevant to the concentration 
of salts present at sample preparation, and the sample 
was handled at room temperature, it was not surpris- 
ing that the duplex was not observed. Although the 
“melting temperature” of DNA refers to that tempera- 
ture at which the strands break apart in solution, the 
importance of this temperature when solvents are re- 
moved and the sample is on the target is not obvious. 
As a result, although the lack of intact DNA duplex 
reported in MALDI could arise during sample prepa- 
ration because of the physical-chemical conditions 
used (e.g., source of sample, temperature, pH, ionic 
strength, interaction with matrices or acetonitrile- 
water solvent), it also could arise from dissociation 
during the sample desorption and ionization process 
(e.g., local heating of the sample or dissociation at 
ionization due to excess energy in the molecules). It is 
hard to judge the meaning of “melting temperature” 
in this context. In conclusion, although there are sev- 
eral reports on the analysis of DNA via MALDI, only 
the spectra of single-stranded oligodeoxynucleotides 
have been observed. 
In contrast to MALDI, DNA duplexes hnve been 
observed via electrospray [21, 221. In a careful study, 
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Ding and Anderegg [23] were able to distinguish ho- 
modimers from heterodimers of DNA fragments. With 
both 6-mer complementary and noncomplementary 
oligonucleotide pairs, only nonspecific noncovalent 
dimers were observed. Even d(TTTTIT) gave a similar 
dimer distribution. However, two octanucleotides CT, 
= 7.4 “C) showed a preference in the spectrum for 
heterodimer formation and this excess was attributed 
to DNA-duplex folding. Two complementary pentade- 
canucleotides (T, = 39.1 “0 showed little formation of 
the homodimer and were detected as double-stranded 
DNA. 
Recently a spectrum of a short piece of double- 
stranded DNA was obtained under massive cluster 
impact ionization [24]. Although the double-stranded 
peak was quite small in comparison to the peaks from 
the single strands, it could be identified positively by 
its mass because the strands were different lengths. 
When we consider that the melting temperature of the 
duplex was low (< - 100 “C; calculations were made 
by using the OLIGO version IV primer analysis soft- 
ware from National Biosciences, Inc. (Plymouth, MN). 
Melting temperatures are quoted relevant to the con- 
centration of salts present at sample preparation), the 
fact that intact DNA was detected at all is quite sur- 
prising. Unfortunately, an expansion of the homodimer 
region was not shown to totally preclude clustering as 
the source of the duplex peak. 
In a previous publication, we reported a new proto- 
col for the analysis of oligonucleotides by MALDI that 
employed 6-aza-2-thiothymine (ATT) as the matrix [20]. 
In attempts to develop a method for the detection of 
intact double-stranded DNA, we observed that the 
peak that corresponds to the oligonucleotide duplex is 
often observed when ATT is used as the matrix and 
care is taken to avoid acidic pH and elevated tempera- 
ture during sample preparation. To clearly resolve the 
peak of the homodimer from that of the heterodimer, a 
DNA duplex (EcoRl adaptor) composed of a 16-mer 
and complementary 12-mer was chosen for this work. 
Experimental 
EcoRl adaptor double-stranded 16/12 as a frozen so- 
lution and nuclease SI (from Aspergillus orizne) were 
purchased from Promega (Madison, WI). 6-Aza-2- 
thiothymine (ATT), 2’,4’,6’-trihydroxyacetophenone 
(THAI, 3-hydroxypicolinic acid (HPA), and ammo- 
nium citrate were purchased from Aldrich Chemical 
Co. (Milwaukee, WI). Apomyoglobin (horse skeletal 
muscle) and insulin (bovine pancreas) were both of 
sequencing grade and were obtained from Sigma 
Chemical Co. (St. Louis, MO). All of the preceding 
materials were used without further purification. 
The MALDI spectra were acquired on a Kratos 
MALDI-TOF III instrument (Columbia, MD) with the 
instrument operated in linear mode. The accelerating 
voltage was -22 kV and negative ion spectra were 
acquired. 
EcoRl adaptor was stored at -20 “C until used and 
then thawed in wet ice when needed for sample prepa- 
ration. Subsequent freezings and thawings produced 
lower quantities of intact DNA in the spectra obtained. 
The adaptor (0.5 ILL, 10 pmol/pL) was mixed directly 
on the MALDI target slide with 1 FL of the matrix 
solution [ATT, THA, or HPA dissolved in a 1:l (v/v) 
solution of acetonitrile and 20-mM ammonium citrate] 
[20]. The sample was allowed to dry at 4 “C in a 
vacuum desiccator for 10 min and then were analyzed 
by MALDI. Fifty laser shots were obtained linearly 
from across the sample surface and then averaged. 
These were enough to produce a good signal to noise 
ratio. The instrument was calibrated by using external 
standards of bovine insulin (5732.0 MW) and horse 
apomyoglobin (16950.5 MW). 
Digestion with nuclease Sl [25, 261 was performed 
at 20 “C in ammonium citrate buffer (25 wL, 0.2 M, pH 
5) that contained I-mM zinc acetate and 0.1 u/pL of 
nuclease enzyme. Three microliter of EcoRl adaptor 
was added and the sample digestion followed over 
time. Aliquots were taken from the mixture and ap- 
plied directly to the laser slide at 0, 1, 2, 5 and 15 min. 
Results and Discussion 
The two strands of the EcoRl adaptor are 16 and 12 
bases long, respectively, as shown: 
5’-AATTC CGT TGCTGTCG-3’ 4863.2 MW 
I Illllllllll 
3’- GGCAACGACAGC-PO,-5’ 3744.4 MW 
Neither 2’,4’,6’-trihydroxyacetophenone (Figure 1; in- 
set) nor 3-hydroxypicolinic acid produced any peaks at 
the mass of the duplex when EcoRl adaptor was 
analyzed. Instead the spectrum consisted of both the 
singly and doubly charged ions from the individual 
strands. 
When 6-aza-2-thiothymine (ATT) was used as the 
matrix, the spectrum showed good intensity of the 
intact double-stranded DNA molecular ion peak at 
8609.3 (see Figure 1; the molecular weight of the intact 
EcoRl adaptor DNA [M - HI- is 8606.6). Good reso- 
lution and accuracy were obtained (external standard, 
0.03%) as reported for ATT [20]. Although some 
depurination was observed, this may have occurred 
during desorption or may have been present in the 
original sample. There was no sign of any homodimer 
[2M - HI ( ;nz/z 7488, 9725) being formed from the 
individual strands although peaks were present for 
each of the monomeric single strands (nz/z 3743,4863). 
To resolve whether these were present in the original 
sample or arose during the desorption process, the 
results from each laser shot were profiled against the 
mass of the single strand and double-strand. Predomi- 
nantly, the ions from the double-stranded DNA did 
not occur in individual laser pulses with the single- 
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stranded DNA. Mass/Charge 
stranded masses, which suggests that (a) some 
“crystals” on the surface contained sin+-stranded 
and others double-stranded DKA or (b) in the desorp- 
tion process the laser hit some crystals with sufficient 
energy to break the strands apart before their flight. To 
test whether rupturt, of the duplex occurs during sam 
ple preparation, the procedure was carried out with 
cooled solutions, where the sample slide was held at 
4 “C. This had no effect on the spectrum. Under the 
assumption that the presence ot denatured Dl\;A in the 
original sample was more likeI>,, an attempt was made 
to partially digest the sample by using nuclcasr Sl [75, 
261; this should preferentially cut the single-stranded 
DNA and also attack the duplt>x (especially its pro 
truding end), but at n much slower rate [26]. Thus a 
time course was followed for the digestion: aliquots 
were removed for analysis at 0, I, 2, 5, and 15 min ad 
a threshold amount of the en~~ic \vas used. The 
digestion conditions were a compromise and not idtaal 
for the direct preparation of the MALI11 sample. E\vn 
though a significant loss in sensiti\,ity occurred, peak+ 
from the single-stranded DNA rapidly disappeared. ;I 
spectrum taken immediateI\, _ after addition of the t’ll- 
zyme is shown in Figure 2 (0 min) and shoM,s littIc> 
change compared to that in Figure I. After 2 mln, tht> 
peaks due to the sin&-strandtld oligrmcrs ha1.e all 
but disappeared (Figure 2, 2 min). A longer reaction 
time resulted in dt>gradation ot r\.en the UK/I ,311d 
finally its total loss. 
of the double-stranded DNA, these were shown to be 
present in the original sample of EcoRl adaptor 12/16 
by using an enzyme to preferentially digest the 
monomer. 
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Conclusion 
MALDI is a soft ionization ttvhnique ~uitablt~ for thcb 
determination of oli~onucleotidrs. We demonstrate 
here that indeed it mav be LI.SCCI tcl detect intact 
double-stranded DNA w&n h-aLa-2-thiothymine with 
ammonium citrate is used ab the matrix [20]. Although 
monomer ollgonucleotldcs wvre seen in the spectrum 
Mass/Charge 
Figure 2. MAL[II spectrum (50 laser shots) of EcoRl U./l6 
,rdaptar (matrix a,uthiothyminc) after digestion with nuclease Sl. 
;\n immediate withdraw>1 (0 min) of the sample shows little 
ch,lngt, from the original matcriat (see Figure 1). After 2 min, 
.Ilmost all ot tht, single-stranded oli,gonucleotides had been di- 
,pQctl (I,lq~rc 2: 2 min). 
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